The role of the 5'-untranslated region (5'UTR) in the replication of enteroviruses has been studied by using a series of poliovirus type 3 (PV3) replicons containing the chloramphenicol acetyltransferase reporter gene in which the 5'UTR was replaced by the 5'UTR of either coxsackievirus B4 or human rhinovirus 14 The poliovirus genome is a single-stranded positive-sense RNA of approximately 7,500 nucleotides (nt) composed of a 5'-untranslated region (5'UTR) of 743 nt, an open reading frame of 6,618 nt encoding a 220-kDa polyprotein, a 3'UTR of 72 nt, and a 3'-terminal poly(A) tract (9, 20, 24) . The polyprotein is divided into three regions as a result of primary posttranslational proteolytic processing. The P1 region encodes the capsid proteins VP1 to VP4, the structures of which are known in atomic detail (5). The P2 and P3 regions encode proteins involved in protein maturation and RNA replication and include two proteases, a polymerase (9), and putative membrane-binding (3, 4) and nucleoside triphosphate-binding (26) functions.
functions.
The 5'UTRs of enteroviruses and rhinoviruses have highly conserved primary and secondary structures, suggesting that they play an important role in virus replication (22, 23, 25, 27 ). This conclusion has been confirmed by many investigations which indicate that the 5'UTR plays a vital role in RNA replication and in translation of viral proteins. Indeed , it has been demonstrated for poliovirus that the 5'-terminal 90 or so nt form a cloverleaf-like secondary structure which is essential for replication and which also functions as a binding site for the viral polymerase 3CD and a host protein with a relative molecular weight (Mr) of 36,000 (1, 2) . Deletion of individual domains of the cloverleaf results in nonviable replicons (16) . Cap-independent initiation of translation is mediated by nt 130 to 620 acting as an internal ribosome entry site (IRES) or ribosome landing pad (6, (12) (13) (14) (15) , the finer structures of which have been examined in some detail (18) .
We have investigated further the role of the 5'-terminal cloverleaf and the IRES of poliovirus type 3 (PV3), first with the complete 5'UTRs of other enteroviruses and second with hybrid 5'UTRs composed of elements derived from different picornaviruses. These substitutions were made either into a modified PV3 replicon, pT7FLC/REP, in which the N-terminal part of the P1 region was replaced by a chloramphenicol acetyltransferase (CAT) reporter gene (16) , or into a full-length PV3 cDNA, pT7FLC/ PV3. The results suggest that efficient replication of enterovirus and rhinovirus genomes requires a compatible interaction between the 5'-terminal cloverleaf structure and either virally encoded proteins or the 3'UTR and that the stem-loop formed by nt 46 to 81 is the principal determinant of this interaction. We also provide evidence for specific sequence requirements in the stem-loop formed by nt 10 to 34 in which a cytidine at position 25 was seen to be essential. Our results also indicate that the cloverleaf and IRES are functionally independent components of the 5'UTR.
MATERLALS AND METHODS
Construction of plasmids. pT75'HRV14-REP was derived from pT7FLC/REP (16) by substitution of the NotI-SstI fragment containing the T7 promoter, the 5'UTR of PV3, and the first 5 nt of the open reading frame of pT7FLC/REP with the analogous region from pT7HRV14 (a full-length infectious clone of HRV14 [unpublished data]) produced by PCR amplification using the primers designated NP7 and Sst(-) ( Table  1) . NP7 contains a NotI site, a T7 promoter, and the first 10 nt which are common to the genomes of PV3, coxsackievirus B4 (CB4), and human rhinovirus 14 (HRV14). Sst(-) is complementary to nt 743 to 760 of PV3 and also to the analogous regions of CB4 and, with three mismatches, HRV14. pT75'CB4-REP was produced by the same strategy except that the 5' fragment was amplified from pT7FLC/CB4SstI, a full-length infectious CB4 clone (8). 
CGTAGAACCACCGTAGGCTCGG
Plasmid pT75'CL-HRV14/IRES-REP was constructed as follows. The HRV14 5'UTR was amplified by using NP7 and Sst(-) primers and cloned into NotI-SstI-digested pM13MD16 (a derivative of M13 which has a modified polylinker containing NotI and SstI sites). This phage was then used as a template in site-directed mutagenesis (SDM) according to the method of Kunkel (10) . The primer for second-strand synthesis was a phosphorylated and denatured PCR product amplified from the PV3 5'UTR by using primers NP7 and polioCL. PolioCL has a 3' end complementary to nt 76 to 89 of PV3 and a 5' end complementary to nt 84 to 89 of HRV14. Thus, the SDM primer contains the PV3 cloverleaf flanked by "sticky feet" which bind to the T7 promoter and to nt 84 to 89 of HRV14, just to the 3' side of the HRV14 cloverleaf. The product of the SDM reaction was cloned back into pT7FLC/REP on a NotI-SstI fragment.
Individual domain substitutions in the HRV14 cloverleaf were made by SDM of the PstI-SstI fragment of pT75'HRV14-REP cloned into M13. This fragment contains, 5' to 3', 667 nt of pBR322, a NotI site, the T7 promoter, and the 5'UTR. The primer for the replacement of the b (nt 10 to 34), c (nt 35 to 45), or d (nt 46 to 81) stem-loop was that designated br, cr, or dr in Table 1 . Fragments from clones containing the desired mutations were substituted back into pT7FLC/PV3 or pT7FLC/REP on a NotI-SstI fragment.
The first step in making pT75'CL-EMCV/IRES-REP was to introduce an HpaI site at nt 103 by SDM of the PstI-SstI fragment of pT7FLC/REP cloned into M13, using primer 04-0064. The NotI-SstI fragment from mutated clones was then reintroduced into pT7FLC/REP to produce pT7FLC/REP (HpaI). Nucleotides 260 to 833 (as numbered by Jang and Wimmer [7] ) of the encephalomyocarditis virus (EMCV) IRES was PCR amplified from pCITE-1 (Novagen) by using primers 04-0082 and 04-0070, which contain, respectively, flanking Dral and SstI sites. Thus after digestion of the PCR product with these enzymes, the EMCV IRES was cloned into HpaI-SstI-digested pT7FLC/REP(HpaI) to generate plasmid pT75'CL-EMCV/IRES-REP. pT75'CL-EMCV/IRES-PV3 was made by cloning the NotI-SstI fragment of pT75'CL-EMCV/ IRES-REP into NotI-SstI digested pT7FLC/PV3. Before treatment with the DEAE-dextran/transcript mixture, the cells were washed twice with phosphate-buffered saline (PBS). Cells were incubated with transcripts at room temperature for 30 min prior to addition of prewarmed medium (5 ml). After appropriate incubation times at 34°C, cell sheets were washed twice with PBS (3 ml) and removed from the dish with a rubber policeman in two washes with 0.75 ml of PBS. Cells were pelleted by spinning for 30 s at 3,000 x g. CAT assays were carried out as described previously (16) .
Analysis of recombinant viruses. RNA sequencing was carried out as described previously (21) . The primer for sequencing pT7FLC.L-inv was D220, which primes at nt 172, and the primer for pT75'CL-IRES-FLC was 34-0004, which primes at nt 792. RNA from viable revertants of pT7FLC.L-inv was reverse transcribed and amplified by PCR using NP7 and Sst(-) and then cloned into pM13MD16 for DNA sequencing.
RESULTS
Poliovirus recombinants containing the 5'UTR of CB4 and HRV14. The high degree of nucleotide sequence and secondary structural similarity between the 5'UTRs of poliovirus, coxsackievirus, and rhinoviruses (22, 23) suggested that these structures might be entirely equivalent in function and thus might be interchangeable. We examined this proposition by making recombinants in which the complete 5'UTR of either CB4 or HRV14 was substituted for the PV3 5'UTR in the poliovirus replicon FLC/REP. FLC/REP is a PV3-based rep by autoradiography, were observed for the replicons FLC/REP and 5'CB4-REP at 6 and 10 h, with only a small difference noted at 24 h (Fig. 1B) (Fig. 3A) . Following transfection of pT75'CL-HRV14/IRES-REP transcripts onto Ohio HeLa cells, CAT activity was readily detected, although at a lower level than that observed for the wild type, FLC/REP (Fig. 3B ). This result, however, confirmed that an important determinant of replication competence was contained in the cloverleaf structure and suggested that this must act together with another region of the genome or a viral gene product (1, 2) .
To examine the involvement of individual domains of the cloverleaf, SDM was used to replace individual stem-loops of the HRV14 cloverleaf with those of PV3. Thus, the three recombinants contained either the b (nt 10 to 34)(pT75'-b-REP), c (nt 35 to 45)(pT75'-c-REP), or d (nt 46 to 81)(pT75'-d-REP) stem loop from PV3 in a 5'UTR that was otherwise HRV14-like (Fig. 3A) . Assays for CAT activity in extracts from cells transfected with transcripts of these recombinants showed that substitution of either the b or c stem-loop produced replicons which replicated very poorly if at all, whereas the mutant containing the d stem-loop from PV3 (pT75'-d-REP) replicated at a level similar to that of pT75'CL-HRV14/IRES-REP (Fig. 3B ). In agreement with these observations, virus could be recovered from cells transfected with transcripts derived from the equivalent virus recombinant, pT75'-d-PV3, but not from either the b or c stem-loop replacement virus recombinant. These observations suggest that the d stem-loop of PV3 interacts specifically with some other region of the PV3 genome or its product and that this interaction is a major determinant of efficient replication. Also, it is clear that the d stem-loop can function in combination with b and c stem-loops which differ in sequence and in size from those found in PV3; for example, the stem of the b stem-loop of the HRV14 cloverleaf is 2 bp shorter than that of PV3 (Fig. 2) (23 ). An alternative explanation could be that the d stem-loop of rhinovirus inhibits replication, for example through fortuitous base pairing with some other region of the genome. However, we favor the former explanation on the basis of previous observations (2).
Nucleotide sequence requirements of the b stem-loop for replication. In a previous report (16) , we showed that a PV3 replicon in which the loop sequence of the b stem-loop is inverted (pT7FLC/REP.L-inv) replicated at a much lower level than that observed for the wild-type replicon, whereas an equivalent replicon in which only the stem sequences were inverted replicated normally (pT7FLC/REP.L-sinv). This result suggested that a defined nucleotide sequence in the loop region (bases 19 to 25) is required for efficient replication but that the primary structure of the stem is not important. When the inverted stem-loop mutation was built into the PV3 full-length clone, virus recovery (FLC.L-inv) was inefficient J. VIROL. A-U and very small plaques were observed. To investigate whether the original mutation was maintained, individual plaques were picked and used to prepare template for direct RNA sequencing of the cloverleaf region. The sequence obtained was identical to that in plasmid pT7FLC.L-inv except in the loop region of the b stem-loop, where sequence ambiguity was observed, suggesting that mutations had arisen. RNA from individual plaques was therefore cloned into M13 by reverse transcription-PCR, and a number of these clones were sequenced. In agreement with the data derived directly from virus RNA, these clones no longer contained the original sequence but had mutated to resemble the wild-type PV3 sequence in the loop, particularly at nt 25, and for three of four clones also at nt 24 ( Table 2 ), suggesting that cytidine at nt 25 and cytidine or adenosine at nt 24 are required for efficient replication. In contrast, the cytidine residues at positions 19, 20, and 22 were retained in these revertant viruses.
A 5'UTR composed of the PV3 cloverleaf and the EMCV IRES confers efflicient replication. The observation that 5'CL-HRV14/IRES-REP, which possesses a 5'UTR composed of the cloverleaf of PV3 and the HRV14 IRES, could replicate suggested that the cloverleaf and IRES might be functionally independent elements of the 5'UTR. From this conclusion, it might be expected that the cloverleaf would not play a significant role in translation and that the IRES would not play a significant role in RNA replication. Support for these ideas has come from the demonstration that deletion of nt 1 to 70 of the cloverleaf structure or removal of either the b or d stem-loop has only a small or negligible effect on translation (17) , although others have reported that the b motif can regulate translation (22a). However, the intimate dependence of RNA replication on translation has made it difficult to obtain data ruling out a direct role for the IRES in replication. Furthermore, the high degree of structural similarity between the HRV14 and PV3 IRESes (22) raised the possibility that any specific cloverleaf-IRES interaction that might be necessary for RNA replication might be conserved in the recombinant 5'CL-HRV14/IRES-REP. Therefore, to test more rigorously the independence of the cloverleaf and IRES elements, a 5'UTR containing the PV3 cloverleaf and the IRES of EMCV was constructed (pT75'CL-EMCV/IRES-REP) (Fig. 4A) . The IRESes of PV3 and EMCV are very different in both primary sequence and predicted secondary structure (7, 23) , and therefore the EMCV IRES would not be expected to interact specifically with the PV3 cloverleaf to generate tertiary structures that might be necessary for RNA replication. The replicon 5'CL-EMCV/IRES-REP was therefore constructed, and its replication competence was tested in Ohio HeLa cells. The level of CAT activity produced by this replicon was similar to that for FLC/REP (Fig. 4B) , indicating that it was replication competent. This result provided strong evidence that the cloverleaf and IRES do not interact structurally and are therefore independent elements of picomavirus 5'UTRs.
To assess the growth characteristics conferred on the PV3 genome by the EMCV IRES, the recombinant 5'UTR was built into the PV3 full-length clone to create plasmid pT75'CL-EMCV/IRES-PV3. Virus was recovered from Ohio HeLa cells transfected with transcripts from this clone, and the sequence of the 5'UTR was checked by direct RNA sequencing. Two nucleotide differences from the EMCV IRES sequence in pCITE were found: an additional A residue at nt 771, and a G-to-U alteration at nt 828 (numbered according to Jang and Wimmer [7] ). The cDNA was also found to contain both of these changes. Since both changes appear to be stable during two passages of the virus in Ohio HeLa cells, we conclude that they do not significantly affect the growth characteristics of the virus. slowly, and the yield was approximately 1 log1o lower than that observed for the wild-type PV3 in all three cell types, suggesting that the PV3 cloverleaf-EMCV IRES combination can function in a variety of cellular backgrounds, but that the configuration is not optimized for growth (Fig. 5) . 
DISCUSSION
The role of the 5'UTR region of the genome in RNA replication has been examined by constru. tives of FLC/REP, a PV3 replicon which con reporter gene in place of the N-terminal porti capsid coding region (16) . In the initial expo assessed the replication competence of FLC/RE in which the entire 5'UTR of PV3 was rep] structurally conserved 5'UTRs of CB4 and I A results show that the replicon containing the CB4 5'UTR replicated to levels similar to those of the poliovirus replicon, whereas the analogous replicon containing the HRV14 5'UTR replicated to a much lower level. Similar results were obtained when the corresponding recombinant viruses were constructed from cDNA. Recombinant virus containing the CB4 5'UTR was readily isolated, whereas the recombinant containing the HRV14 5'UTR was not viable. These results are in agreement with those of Johnson and Semler (8a) , who showed that a virus containing the 5'-noncoding region of CB3 from nt 1 to 625 and the remainder of its genome from PV1 was viable. The -IRES-FLC results presented here also suggest that specific interactions necessary for replication occur between the 5'UTR and the remainder of the PV3 genome or its products and that the 5'UTR of HRV14 is not compatible with the body of the PV3 genome. B
Although we cannot rule out the possibility that the incompatibility of the HRV14 5'UTR and the PV3 body might affect the translatability of the RNA, we favor the explanation discussed above, that the HRV14 5'UTR recombinants are defective at the level of RNA synthesis. Indeed, an interaction necessary for RNA replication has been observed between a 5'-terminal cloverleaf of poliovirus RNA and the virus-encoded polymerase protein 3CD, in which the complex formed also involves a host protein with an Mr of 36,000 (1, 2). Thus, FLC a likely explanation for the replication incompetence of 5'HRV14-REP and 5'HRV14-PV3 is that the HRV14 cloverleaf is unable to complex with the 3CD of PV3. This possibility is supported strongly by the observation that replication competence of both HRV 5'UTR recombinants can be restored by replacing their 5'-terminal cloverleaves (bases 1 to 83) with that of PV3 (bases 1 to 88). The results are also consistent with C the observation that the HRV14 cloverleaf is significantly different in structure from that of PV3, whereas the CB4 cloverleaf, which gives rise to a viable virus and replicon, is very similar (Fig. 2) . We next constructed composite cloverleaves by substitution of individual stem-loops of the HRV14 structure by those of PV3. Replication competence was observed when the cloverleaf contained the PV3 d stem-loop. HRV14 cloverleaves containing either the b or c stem-loop of PV3 did not restore replication competence to the recombinant genomes. Collectively, these results reinforce previous observations that the CL-IRES-FLC cloverleaf plays an essential role in replication (1, 2, 16). They FLC-A are also entirely consistent with the suggestion that protein 3CD interacts specifically with stem-loop d (2) . The results also suggest that the c stem-loop plays only a structural role in the cloverleaf, since efficient replication was observed for constructs containing the c stem-loop from either CB4 or HRV14 despite the fact that the sequence of this domain is highly 5'CLnEMCV/ variable.
ne-step growth
On the basis of the data presented here, the precise role of ITB 1) (B), or the b stem-loop remains undetermined. However, the b stemloop clearly plays an important role in replication, since destabilization, deletion, or inversion results in much reduced levels of replication (2, 16) . The sequence analysis of viable revertant viruses obtained from a replication-defective PV3 in which this stem-loop of the cloverleaf was inverted i picornavirus (pT7FLC.L-inv [16] ) suggests that a cytidine residue at posiicting derivation 25 and a cytidine or adenosine residue at position 24 CAT replicon, in which PV3 sequences between nt 100 and 744 (the initiation codon) were replaced by the EMCV IRES. These were both replication competent, even though the EMCV IRES has a primary and secondary structure quite different from that of PV3 (7, 23) and hence would not be expected to specifically interact with the PV3 cloverleaf or with other regions of the PV3 genome or its protein products. This result provides evidence that the 5'UTR is modular, that is, composed of functionally independent nonoverlapping elements that control replication and translation. These observations allow us to assess the individual contributions that the cloverleaf and IRES elements make to the cellular tropism and host range of picornaviruses.
